Ulcerative colitis is a chronic, idiopathic inflammatory disease that destroys the colon structure. Nevertheless, the exact pathogenesis is not clear and needs to be fully elucidated.
Background
Inflammatory bowel disease (IBD) involves chronic, idiopathic, and relapsing inflammation in the gastrointestinal (GI) tract, including Crohn's disease (CD) and ulcerative colitis (UC) [1] . UC is characterized by superficial mucosal inflammation, rectal bleeding, diarrhea, and abdominal pain. There are about 3.7 million people with IBD in Europe and North America [2] [3] [4] , and the incidence of IBD has been increasing in Asian countries such as China [5] , India, and South Korea [2, 6] over the past 2 decades. In general, UC is more prevalent than CD, with a higher incidence [7] . Researchers gradually have discovered that UC is a very complicated disease that involves heredity, environment, microbiology, and abnormal immune system function [8] [9] [10] . However, the exact pathogenesis of UC remains unclear and effective therapeutic methods for the disease are lacking.
Some nutrients containing specific trimethylamine (TMA), such as phosphatidylcholine, choline, and carnitine, can provide a carbon fuel source for gut microbes, and TMA is then transported to the liver, where it can be rapidly converted into TMA N-oxide (TMAO) [11] . Multiple studies have shown that plasma levels of TMAO are associated with inflammation, such as priming NLRP3 inflammasome [12] and nuclear factor-kB [13] . However, the plasma levels of TMAO are lowed in IBD, and TMAO levels are lower in inflammatory bowel disease, including ulcerative colitis and Crohn's disease [14] . The present study assessed the level of TMAO only in ulcerative colitis and explored whether the change in TMAO would be different.
Many studies have reported dysbiosis in the GI microbiomes of IBD patients [15] [16] [17] [18] , thus emphasizing the important effects of the intestinal microbiota in health individuals and in people with IBD. Intestinal bacteria also affect the pathogenesis of IBD through their metabolites [19] .
The present study used both metabolome and microbiome methods to assess diversities in samples from healthy controls (Control), inactive UC (iUC), and active UC (aUC) groups. In addition, we defined the level of TMAO in UC. Finally, we investigated correlations between the metabolites and bacteria. We performed this study hoping to find different metabolites and bacteria in ulcerative colitis patients compared with healthy people, and explored the role of metabolites and bacteria in the developmental mechanism of ulcerative colitis. Our results may lead to identification of new targets for the treatment of ulcerative colitis.
Material and Methods

Subjects
All patients and healthy persons were recruited from the Second Affiliated Hospital of Harbin Medical University. Patients were recruited after being diagnosed by experienced gastroenterologists without any therapies using 5-aminosalicylic acid, steroids, or biologics. Exclusion criteria for all patients with UC were pregnancy or underlying malignancies, or using antibiotics in the 4 weeks before sample collection. The healthy volunteers were recruited locally, and had no history of a gastrointestinal or metabolic disease and had not used antibiotics or any other medicine influencing intestinal microbiota in the last 4 weeks. Ethics approval was granted by the Ethics Committee of Harbin Medical University. Prior written patient informed consents were obtained from all subjects.
At the time of inclusion, disease activity was assessed in the UC patients using the UC Disease Activity Index (UCDAI) [20] , which includes 4 variables: (a) stool frequency, (b) rectal bleeding, (c) appearance of mucosa, and (d) physician's assessment of disease severity. Each variable has different values for severity, with 0 representing normal and 3 representing the most severe. aUC was defined as a UCDAI ³6 and iUC was defined as a UCDAI <6. Table 1 provided clinical details.
Plasma and stool samples were collected from persons with confirmed aUC (n=23) and iUC (n=25) and healthy control (n=30) subjects, respectively. Fecal samples were collected before starting bowel cleansing. Blood sample was collected into ethylene diamine tetraacetic acid (EDTA) tubes and immediately centrifuged at 1500 g for 10 min to obtain plasma. Samples were collected between July 2016 and March 2017 and were stored at -80°C until analyzed.
Library Preparation and Illumina Mi-Seq Sequencing
Next-generation sequencing library preparation and Illumina Mi-Seq sequencing were performed with Smart Nuclide (Suzhou, China). DNA samples were quantified using a Qubit 3.0 Fluorometer. A total of 30-50 ng DNA was used to generate amplicons by targeting the V3 and V4 hypervariable regions of prokaryotic 16S ribosomal DNA (16S rDNA) using forward primers containing the sequence "CCTACGGRRBGCASCAGKVRVGAAT" and reverse primers containing the sequence "GGACTACNVGGGTWTCTAATCC".
16S Ribosomal RNA (16S rRNA) Data Analysis
To analyze 16S rRNA data, we used the QIIME data analysis package. Sequences were grouped into operational taxonomic units (OTUs). Alpha diversity indexes were calculated using the
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Shannon index for diversity and the Chao1 index for richness. Metastats analysis was conducted to investigate differences in the relative abundance for each genus among the Control, iUC, and aUC groups. P value less than 0.05 was used to define significant genus differences.
Plasma preparation
The prepared sample extracts were filtered through a 0.22-µm membrane. For quality control (QC) samples, 20 µL from each prepared sample extract was pooled. These QC samples were used to monitor deviations caused by the pooled mixtures and were compared to errors caused by instrumentation. The remaining samples were used for liquid chromatography mass spectrometry (LC-MS) testing.
Metabolomics analyses
All samples were analyzed in a double random order: the first step was the metabolite extraction phase, and the second step was liquid chromatography injection. Chromatographic separation was performed on an Acquity UPLC system with an ACQUITY UPLC BEH C18 (100×2.1 mm, 1.7 µm, Waters) column at a temperature of 40°C. Then, an equilibrated sample (10 μL) was injected into the column. The electron spray ionization mass spectrometry (ESI-MS) experiments were carried out on a Thermo LTQ-Orbitrap XL mass spectrometer with spray voltage of 4.8 kV in positive mode and 4.5 kV in negative mode. Investigators were blinded to the patient information when performing these analyses.
Bioinformatic analysis of metabolomics
First, the raw LC-MS data were converted into mzXML file format and then processed by the XCMS tool box. Second, the data were arranged in a data matrix consisting of the mass to charge ratio (m/z), retention time, and peak area. Third, the output of the XCMS was further processed to analyze the subsequent results using Microsoft Excel.
Trimethylamine N-oxide (TMAO), choline, betaine, creatinine, and L-carnitine measurements Plasma concentrations of TMAO, choline, betaine, creatinine, and L-carnitine were measured by LC-MS. Plasma samples (20 µL) were precipitated by adding 750 µL of acetonitrile (ACN) and 10 µL internal standards (TMAO-d9, choline-d9, betaine-d9, creatinine-d3, and L-carnitine-d3). Chromatographic separation was performed using an ACQUITY UPLC BEH HILIC device (100 × 2.1 mm, 1.7 µm, Waters). The mass spectrometer (AB 4000) with a heated electrospray ionization source was set in positive mode to detect the amount of TMAO.
Construction of metabolic pathways
The construction, interaction, and pathway analyses of potential metabolites were performed with MetPA, and the Kyoto Encyclopedia of Genes and Genomes (KEGG). Metabolic pathway analysis was performed with MetPA by filtering the dataset using an FDR-adjusted P value <0.05 and impact value >0.1 to reveal how significant metabolites are involved in different pathways.
Statistical analysis
Multivariate statistical analysis was performed. We used principal component analysis (PCA), partial least squares discriminant analysis (PLS-DA), and orthogonal projections to latent structures discriminant analysis (OPLS)-DA to assess the data. The significance test of the Pearson's correlation coefficient was carried out to determine metabolites with significant different microbiota between groups. All statistical analyses were 
Results
16S rRNA data analysis of microbiota
A total of 9 597 636 sequencing reads were obtained from 78 stool samples. The numbers of OTUs varied from 30 185 to 65 179. After OTU picking and chimera checking, the total sequencing reads were rarefied to 4 798 818. The 3 groups shared a large degree of community similarity after defining OTUs at a level of 3% dissimilarity. There were 274 OTUs shared by the 3 groups, 301 OTUs were shared between the iUC and Control groups, 277 were shared between the aUC and Control groups, and 285 were shared between the aUC and iUC groups ( Figure 1A ). The relative abundances of OTUs in the 3 groups at the phylum level are shown for those with an abundance of at least 0.1% ( Figure 1B) . Firmicutes, Bacteroidetes, and Proteobacteria were the most abundant phyla in the aUC, iUC, and Control groups, respectively. In the aUC group compared to the Control group, Proteobacteria and Fusobacteria were increased, and Firmicutes and Bacteroidetes decreased. For the iUC group compared to the Control group, the same evidence of variation was found between the groups, except that Firmicutes were increased. However, comparison of the aUC and iUC groups showed more Proteobacteria, Fusobacteria, and Bacteroidetes in the aUC group, with only Firmicutes decreasing.
We also assessed the relative abundances and frequencies of OTUs at the class (Figure 2A ), order ( Figure 2B ), family ( Figure 2C ), and species, ( Figure 2D ) levels. At the genus level, Klebsiella, Escherichia-Shigella, Streptococcus, and Blautia were increased in the aUC group, whereas Bacteroides, Faecalibacterium, and Prevotella_9 were all decreased, and the same was found in the iUC group ( Figure 1C ).
Alpha diversity analysis using the Chao1 index ( Figure 3A ) and the Shannon index revealed lower richness for the fecal microbiota of the iUC and aUC groups. Notable differences were observed concerning Chao 1 index and Shannon indexes between the gut microbiota of the aUC and Control groups (Table 2) . Furthermore, significant (P<0.05) changes in 24 and 18 bacterial genera were revealed, mainly in Metastats-based comparison of the aUC-Control (Table 3 ) and iUC-Control (Table 4) groups, respectively. There were 10 common genera. Metastatsbased comparison of the aUC and iUC groups revealed significant changes in 12 bacterial genera (Table 5) .
Multivariate data analysis of LC-MS spectra
PLS-DA models comparing 3 groups were generated, and good separation was achieved ( Figure 3B ). To uncover those metabolic changes with differential power, the O-PLS-DA strategy was subsequently applied to each model, again with clear separation of the 3 groups ( Figure 3C ). Thirty-four metabolites were found to be important for the separation of the aUC group from the Control group (Table 6) . Of these 34, 33 metabolites were significantly higher in aUC patients, and only 1 metabolite was significantly decreased in aUC patients.
In comparison between iUC and Control groups, 38 metabolites were able to discriminate between these 2 groups, only 1 metabolite was significantly decreased in iUC patients, whereas 37 were significantly increased (Table 7) . Furthermore, 29 common metabolites were revealed by aUC-Control and iUCControl comparison. All were increased in the disease groups. However, compared with the iUC group, aUC patients only had significantly higher concentrations of biliverdin.
TMAO
Using targeted LC-MS, the plasma TMAO level of the iUC and aUC groups was significantly higher than that of the Control group and there was an association between increasing levels of TMAO associated with increasing disease activity, but it did not achieve statistical significance in the aUC and iUC groups ( Figure 3D ).
Metabolites changes correlated with microbial genera
To further explore the associations between the plasma metabolome and fecal microbiome, we assessed correlations of different microbiota at the genus level and metabolites. When comparing the UC group and the Control group, the UC-enriched (Figure 4) . When analyzing the aUC and iUC groups, there was no obvious correlation between biliverdin and different genera. To expand such correlations, we combined the altered metabolites with examined genera ( Figure 5 ). From the expanded correlations, we found TMAO was obviously positively correlated with Holdemanella, Ruminococcus_1, Ruminococcaceae_NK4A214_group, and Christensenellaceae_R-7_group. S1P was negatively associated with Roseburia and positively associated with Klebsiella and Escherichia-Shigella.
Pathways analysis
Metabolic pathways associated with phenylalanine metabolism, tyrosine metabolism, and sphingolipid metabolism between the aUC-Control and iUC-Control groups were noted ( Figure 6A, 6B) .
Discussion
There is increasing evidence that in addition to genetics and lifestyle, the intestinal microbiota is an important factor for the development of many diseases. The gut microbiome is a complicated community which is metabolically active and produces many kinds of metabolites that can directly influence the host phenotype [21] . Many researchers also have demonstrated that the intestinal microbiota interacts with UC, which is relevant in characterizing and treating patients [22] [23] [24] .
To the best of our knowledge, this is the first attempt to examine UC disease activity by integrating the microbiome and metabolome. We present several novel findings. First, we detected an altered microbiota composition and significant microbiota-metabolite relationships. Second, we found significant associations with plasma concentrations of TMAO. Finally, we built metabolic pathways and mapped metabolites that were altered into likely relevant pathways to explain metabolism.
Some alterations of the gut microbiome can help to distinguish UC patients from healthy persons. Our study found that the genus R. gnavus [Ruminococcus_gnavus_group] Bold means increasing and italic means decreasing in the aUC group.
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UC patients; it expresses b-glucuronidase activity that can produce harmful metabolites in the colon, which can lead to local inflammation [25] . The other enriched Erysipelatoclostridium is considered an opportunistic pathogen in the human intestine [26] . The beneficial taxon Christensenellaceae can produce butyric acid, which improves the mucosal barrier function of the colon, regulates the immune system, and has anti-inflammatory properties because it can downregulate pro-inflammatory cytokines [27] . Although the changes in bacteria may only be a reflection of the disease process or can the cause of the disease, we still look forward to finding different bacteria that could be used as biomarkers of ulcerative colitis. In our study, we found some different bacteria in ulcerative colitis, and the significantly changed pathogens identified in this study may be signatures of UC disease, but further study is needed to verify them to be the signature of ulcerative colitis disease.
Gut metabolites are an important link between gut microbes and host biological functions. UC results in dramatic changes in the plasma metabolome. Phosphatidylethanolamines (PEs) are the primary lipid components of the inner bacterial membrane, and an increase in PE levels is indicative of significant cell injury. PEs are also associated with bacterial stress responses [28] . Thyroid hormones regulate cellular signaling pathways, such as intracellular mitogen-activated protein kinase (MAPK 1 and 2) and phosphatidylinositol-3-kinase (PI3K) [29] , and indirectly stimulate nitric oxide synthase [30] . Moreover, thyroid hormone can also stimulate the S100A8/MyD88/NF-kB signaling pathway in cardiomyocytes [31] . Sphingolipids are essential constituents of cellular membranes and are involved in cell proliferation, viability, motility, migration, and lymphocyte trafficking as signaling molecules [32] . Sphingosine (the sphingosine 1-phosphate precursor) is derived from the catabolism of endogenous cellular sphingolipids, and sphingosine 1-phosphate (S1P) is the 1-phosphorylated form of sphingosine. S1P is involved in inflammatory-based diseases such as asthma [33] , rheumatoid arthritis [34] , multiple sclerosis [35] , and IBD [36, 37] . The cross-correlation between the gut microbiome and the metabolome indicates an association between bacterial communities and functional metabolites. It can be concluded that S1P is negatively associated with Roseburia and positively associated with Klebsiella and Escherichia-Shigella. Some researchers have reported that a decrease in Roseburia spp. is associated with the gut microbiota of patients with IBD [38] and that Roseburia spp specifically colonizes mucins, which govern mucosal butyrate production [39] . Another research group reported that sodium butyrate can lead to apoptosis of colon cancer cells by influencing sphingosine kinase 2 [40] . While Roseburia spp and butyrate production were decreased, we concluded that decreased butyrate stimulated sphingosine kinase 2 and then increased sphingosine and S1P. The abundance of Escherichia-Shigella (Enterobacteriaceae) was higher in the feces of UC patients and in rectal biopsies from CD patients, indicating a possible association with the pathogenesis of IBD [41, 42] .
According to the pathway analysis results in the present study, the metabolism of phenylalanine, tyrosine, and sphingolipid was particularly active in UC patients.
In our study, we found that plasma TMAO concentration in the UC group was significantly higher compared to the Control group, and there was also an increasing trend from iUC to aUC groups. In addition, TMAO was obviously positive with 4 genera and they all belonged to Firmicutes. This information shows that TMAO may serve as a biomarker to help UC diagnosis. However, further investigation is needed to assess the value of TMAO for disease activity analysis and to elucidate the relationship between TMAO and those microbiota.
We found little difference between the iUC and aUC groups; only 1 metabolite (biliverdin) was increased significantly in the aUC group and there was no identical correlation between this metabolite and divergent microbiota at the genus level. Considering the small sample sizes and deviation in collecting samples, we found it difficult to assess the disease activity. Limitations of our study include the small sample size and the fact that outcomes were from a single center. Disease activity was assessed in the ulcerative colitis patients using the UC Disease Activity Index, but some items of the scoring system were influenced by researchers' subjective judgements, which might have led to biases.
Conclusions
We found that UC was related to intestinal microbiota dysbiosis and we detected some specific core bacterial imbalances in UC. We also identified correlations between changes in certain metabolites and gut microbes. Sphingosine 1-phosphate was higher in UC patients and there were several microbiotas associated with it. Through pathway analysis, we found that sphingolipid metabolism was one of the most significantly increased pathways, so we predict that S1P will become a new target and provide new direction in the treatment of UC. Further research is needed to verify the effect of S1P in the ulcerative colitis in a mouse model.
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